The unfolded protein response (UPR) events triggered by the accumulation of unfolded protein in endoplasmic reticulum (ER) activate the three UPR signaling pathways mediated by IRE1, ATF6 and PERK. Spliced XBP1 mRNA induced by activated IRE1 is translated to the protein, a potent transcription factor that induces BiP expression. XBP1 is also induced by activated ATF6. It is thus thought to be an important marker reflecting both IRE1 and ATF6 signaling in response to ER stress. For quantitative measurement of XBP1 gene expression, it is important to distinguish between the spliced and non-spliced form of XBP1 mRNA. We have developed a new method to detect the spliced XBP1 mRNA by means of real-time PCR and we compared the result with measurements of the expression of the ER stress inducible gene BiP. A good correlation was found between spliced XBP1 expression and BiP expression. Thus, our method may be useful for simple and quantitative evaluation of ER stress.
INTRODUCTION
In eukaryotic cells, proteins translated from mRNA must be correctly folded and assembled in the endoplasmic reticulum (ER). If proteins are not folded correctly, they accumulate in the ER, and this accumulation of unfolded or misfolded proteins triggers the unfolded protein response (UPR) (Sidrauski et al., 1998) . In mammalian cells, there are three UPR signaling pathways, with three proteins (IRE1, ATF6 and PERK) as their UPR transducers and one master regulator (BiP) (Zhang and Kaufman, 2004) . IRE1 (inositol-requiring enzyme 1) has two isoforms: IRE1α and IRE1β. IRE1 contains an N-terminal ER stress-sensing domain in the ER lumen, an ER transmembrane domain, and a serine/threonine kinase domain and a Cterminal endoribonuclease domain in the cytosol (Mori et al., 1993; Shamu and Walter, 1996; Welihinda and Kaufman, 1996) . Activating transcription factor 6 (ATF6) is a transcription factor with an N-terminal basic leucine zipper (b-ZIP) domain in the cytosol and a C-terminal ER luminal stress-sensing domain (Haze et al., 1999) . Protein kinase-like ER kinase (PERK) consists of an ER luminal stress-sensing domain and a cytosolic domain that phosphorylates the α subunit of eukaryotic translation initiation factor 2 (eIF2α) (Shi et al., 1998; Harding et al., 1999; Liu et al., 2000) . BiP (GRP78: Glucose related protein 78) is a member of the Hsp70 chaperone family that plays critical roles in ER protein folding and quality control (Ellgaard and Helenius, 2003; Gething, 1999; Shen et al., 2002) . In unstressed cells, BiP binds to the lumenal domain (LD) of IRE1, ATF6 and PERK. In response to accumulation of unfolded and misfolded proteins in the ER, BiP is released from these proteins. ATF6 is released from BiP association, transported to the Golgi apparatus and cleaved by S1P and S2P proteases to generated cytosol domain of ATF6. The cytosolic fragment of ATF6 becomes functional as a transcription factor that binds the cis-acting ER stress response element (ERSE), the consensus site of which is CCAAT-N9-CCACG (Yoshida et al., 1998) . PERK and IRE1 released from BiP are dimerized and activated. Activated PERK inhibits mRNA translation by phosphorylating eIF2α. Activated IRE1 acquires RNase activity to initiate XBP1 (X-box DNA binding protein, UPR-specific b-ZIP transcription factor) mRNA splicing. Spliced XBP1 mRNA is translated to a potent transcription factor that binds to ERSE and the unfolding protein response element (UPRE), the consensus site of which is TGACGTGG/A (Yoshida et al., 2001) .
Recently, it has been suggested that ER stress may be involved in the pathogenesis the neurodegenerative diseases, such as Alzheimer's and Parkinson's diseases (Kudo et al., 2002; Ryu et al., 2002; Schroder and Kaufman, 2005) and diabetes . Although expression of BiP protein, ATF6 activation, splicing of XBP1 mRNA and phosphorylation of eIF-1α are all potential biomarkers of ER stress, some of them are difficult to measure quantitatively. In this study, we have developed a new method to assay spliced XBP1 mRNA by using a real-time PCR system, and we show that the results obtained with this method correlate well with data for BiP.
MATERIALS AND METHODS

Chemicals
Dithiothreitol (DTT), tunicamycin (Tm) and thapsigargin (TG) were purchased from Wako Pure Chemicals (Osaka, Japan). Brefeldin A (BFA), A23187 were purchased from Sigma-Aldrich Corporation (St. Louis, MI). Dimethyl sulfoxide (DMSO) was purchased from Kanto Chemical (Tokyo, Japan).
Cell culture
THP-1 cells were obtained from the American Type Culture Collection (Rockville, MD). These cells were maintained in RPMI 1640 medium (Invitrogen life technologies, Carlsbad, CA) with 1% (v/v) antibiotic-antimycotic (Invitrogen life technologies), 10% FBS (v/v) (JRH Biosciences, Lenexa, KS) and 0.05 mM 2-mercaptoethanol (Invitrogen life technologies) at 37°C in a 5% CO 2 incubator. Cells were maintained to 0.1 − 0.5 × 10 6 cells/mL by passage.
Total RNA isolation THP-1 cells were seeded at 1 × 10 6 cells/mL. Cells treated with various chemicals for 2 hr were collected by centrifugation (700 × g, 3 min, 4°C) and resuspended in 1 mL of Isogen reagent (Nippon Gene, Toyama, Japan), and total RNA was isolated as recommended by the manufacturer. Total RNA concentration and purity were determined by measuring OD 260 and OD 260/280 ratio, respectively, on a NanoDrop spectrophotometer (NanoDrop Technologies, Rockland, DE).
Primer sequences for semi-quantitative reverse transcriptase-polymerase chain reaction (RT-PCR) and real-time PCR
The expression of spliced XBP1 was measured by means of two PCR procedures (methods 1 and 2). Primer sequences for semi-quantitative RT-PCR and real-time PCR were as follows: XBP1 mRNA (method 1), <sense primer> 5'-CCTTGTAGTTGAGAAC-CAGG-3', <anti-sense primer> 5'-GGGCTTGG-TATATATGTGG-3'; XBP1 mRNA (method 2), <sense primer> 5'-GGTCTGCTGAGTCCGCAGCAGG -3', <anti-sense primer> 5'-GGGCTTGGTATATATGTGG-3'; BiP mRNA, <sense primer> 5'-CGAGGAGGAG-GACAAGAAGG -3', <anti-sense primer> 5'-CACCT-TGAACGGCAAGAACT-3'; GAPDH mRNA, <sense primer> 5'-GAAGGTGAAGGTCGGAGTC-3' <anti-sense primer> 5'-GAAGATGGTGATGGGATTTC-3'. For measurement of spliced XBP1 by method 2, we used a sense primer designed to span the 26 base pair (bp) intron, and thus to anneal only the spliced XBP1 mRNA.
Semi-quantitative RT-PCR
Total RNA samples were reverse-transcribed with a GeneAmp RNA PCR kit (Applied Biosystems, Foster City, CA). Briefly, 1 µg of RNA was added to a tube containing 5 mM MgCl 2 , 1 mM each of dNTP (A,T,G,C), 50 mM KCl, 10 mM Tris-HCl (pH 8.3), 2.5 µM random hexamer, 1 U of RNase inhibitor, and 2.5 U of murine leukemia virus (MuLV) reverse transcriptase. The mixture was incubated at 42°C for 60 min, heated to 95°C for 5 min, and placed on ice until used for PCR. The double-stranded cDNA was synthesized from single-stranded cDNA by PCR in a total volume of 20 µL containing 7 pmol each of specific sense and anti-sense primers, 1.5 mM MgCl 2 , 2.5 mM each of dNTP (A, T, G, C), 50 mM KCl, 10 mM TrisHCl (pH 8.3), 0.5 units of AmpliTaq DNA polymerase (Applied Biosystems). For measurement of spliced XBP1 mRNA in method 1, XBP1 double-stranded cDNA was synthesized under the following thermal cycling conditions: 94°C 5 min, 95°C 30 sec -55°C 30 sec -72°C 30 sec 2 cycles. Then, 7.5 U of restriction enzyme PstI (TaKaRa Bio, Shiga, Japan) was added to the reaction mixture for 1 hour to digest the doublestranded cDNA of unspliced XBP1. The remaining spliced XBP1 cDNA was amplified by PCR (95°C 5 min, 95°C 30 sec -55°C 30 sec -72°C 30 sec 28 cycles, 72°C 7 min). For measurement of spliced Vol. 31 No. 2 XBP1 mRNA in method 2, the PCR conditions were 95°C 5 min, 95°C 30 sec -60°C 30 sec -72°C 30 sec 30 cycles, 72°C 7 min. GAPDH mRNA expression was used as an internal control (measured under the same PCR conditions as used for XBP1 mRNA, methods 1 and 2). PCR products were analyzed by electrophoresis through 2.0% agarose gel, and their identity was checked by DNA sequencing.
Cloning of spliced and unspliced XBP1 cDNAs
Spliced and unspliced XBP1 cDNAs were amplified by semi-quantitative RT-PCR from total RNA in non-treated THP-1 and DTT-treated THP-1. Each amplified cDNA was analyzed by electrophoresis through 2.0% agarose gel, recovered from the gel and ligated into a pGEM ® -T Easy vector (Promega Corporation, Madison, WI). The plasmid DNA from transformed E. coli JM109 cells was prepared using a QIAGEN ® Plasmid Mini Kit (QIAGEN, K.K., Tokyo, Japan) and checked by DNA sequencing. The DNA concentration and purity were determined by measuring OD 260 and OD 260/280 ratio, respectively, on a NanoDrop spectrophotometer (NanoDrop Technologies).
Real-Time PCR
Total RNA samples were subjected to reverse transcriptase reaction by using a GeneAmp RNA PCR kit (Applied Biosystems) according to the same method as used for semi-quantitative RT-PCR analysis. The expression levels of spliced XBP1 (method 1) and BiP mRNA were measured by real-time PCR using Platinum ® SYBR ® Green qPCR SuperMix UDG (Invitrogen Life Technologies, Carlsbad, CA). For measurement of spliced XBP1 in method 1, the double-stranded cDNA was synthesized from singlestranded cDNA by PCR in a total volume of 25 µL containing 10 pmol each of specific sense and antisense primers, 12.5 µL of Platinum ® SYBR ® Green qPCR SuperMix-UDG (2 x), and 0.5 µL of ROX Reference Dye. The PCR reaction was performed under the following thermal cycling conditions: 95°C 5 min, then 95°C 30 sec -55°C 30 sec -72°C 30 sec for 2 cycles. After treatment with PstI for 1 hour as described for semi-quantitative RT-PCR, the gene-specific PCR products were measured continuously with an ABI PRISM 7900HT Sequence Detection System (Applied Biosystems) and quantitated based on standard curves obtained for the gene-specific cDNA cloned into pGEM ® -T Easy vector (Promega Corporation). Data were adopted when the correlation coefficient (r value) was more than 0.9. The PCR conditions were 95°C 5 min, then 95°C 30 sec -55°C 30 sec -72°C 30 sec for 40 cycles. For measurements of BiP mRNA with the real-time PCR system, gene-specific PCR products formed directly from single-stranded cDNA were measured. The PCR conditions were 95°C 5 min, then 95°C 30 sec -55°C 30 sec -72°C 30 sec for 40 cycles. The quantity of specific mRNA was normalized as a ratio to the amount of GAPDH mRNA. The values of fold increase over the control were calculated by use of the following formula: spliced XBP1 fold increase (% of control) = ( 
Statistical analysis
The statistical significance of differences in spliced XBP1 and BiP mRNA expression between non-treated cells and chemical-treated cells were analyzed using the paired Student's t test (Snedecor and Cochran, 1989) . The correlation coefficient (r value) was determined in this paper by the use of Pearson's correlation statistics (Snedecor and Cochran, 1989) .
RESULTS AND DISCUSSION
The accumulation of unfolded or misfolded peptides activates three signaling pathways, mediated by IRE1, ATF6 and PERK. These UPR events can be followed by immunoblot analysis of ATF6 activation, phosphorylation of eIF2α by PERK, and UPR-inducible proteins (such as BiP) and by RT-PCR analysis of XBP1 mRNA splicing mediated by IRE1 activation and UPR-inducible gene products. Shang reported quantitative methods for determination of these biomarkers based on immunoblotting, Northern blotting and RT-PCR (Shang, 2005) . However, it is difficult to apply these methods to large numbers of samples. We can use quantitative real-time PCR analysis as a quantitative, simple and high-throughput assay, but it is difficult to measure activation of IRE1, ATF6 and PERK by realtime PCR analysis because the activations of these gene products involve phosphorylation or processing of protein. So we still require ER stress biomarkers that can be measured simply and quantitatively. Recently, the possibility has been suggested of widespread involvement of ER stress in neurodegenerative diseases, such as Alzheimer's and Parkinson's diseases transcribed and double-stranded cDNA was synthesized by PCR using specific sense and anti-sense primers for the XBP1 gene. The reaction mixture was treated with PstI, then subjected to PCR reaction. The doublestranded cDNA derived from unspliced XBP1 mRNA was digested at the PstI site, and so was not amplified by the PCR reaction. However, the double-stranded cDNA derived from spliced XBP1 mRNA was not digested, because of loss of the PstI site owing to the splicing in response to ER stress, and was amplified by PCR. (B) Only the cDNA derived from spliced XBP1 mRNA was amplified by using a specific primer designed to span the 26 bp intron. The underlined nucleotides indicate the 26 bp intron sequence that is spliced out in response to ER stress. The sequence of XBP1 was taken from GeneBank (accession No. AB076383).
Vol. 31 No. 2 (Kudo et al., 2002; Ryu et al., 2002; Schroder and Kaufman, 2005) and diabetes . Consequently quantitative methods to measure UPR events are needed for toxicological studies. Among biomarkers of ER stress, XBP1 gene expression is regulated by activated ATF6 protein and XBP1 protein is derived from spliced XBP1 mRNA. Further, spliced XBP1 mRNA is regulated by activation of IRE1. XBP1 protein derived from spliced XBP1 mRNA binds ERSE and UPRE as a potent transcription factor. Therefore, we thought that it was more important to measure expression of spliced XBP1 as a biomarker that reflects the ATF6 signal and IRE1 signal than other biomarkers of ER stress. Until now, the measurement of spliced XBP1 expression has been mainly performed by semi-quantitative methods, such as agarose gel electrophoresis analysis after RT-PCR, because the difference in length between unspliced and spliced XBP1 is only 26 nucleotides (Yoshida et al., 2001) . In this study, we examined two methods ( Fig. 1) for quantitative measurement of the expression of spliced XBP1 mRNA. As shown in Fig. 2 (A) (method 2), we could detect spliced XBP1 mRNA induction in DTT-and Tm-treated THP-1 by using a specific primer designed to span the 26 bp intron. We could detect augmentation of spliced XBP1 more sensitively following PstI treatment of double-stranded XBP1 cDNA (Fig. 2  (B) , method 1). We thought that this detection was caused by PstI treatment because we could not detect augmentation of spliced XBP1 under the condition of method 1 without PstI treatment (Fig. 2 (A) , total XBP1). As shown in Fig. 1 (A) , the key points of this method are the synthesis of double-stranded cDNA and digestion by the restriction enzyme PstI. Many restriction enzymes such as PstI and EcoRI, can recognize specific double-stranded DNA sequences, but not single-stranded DNA. Although the recommended reaction conditions for PstI include 100 mM salt concentration (Na + or K + ) in the reaction buffer (TaKaRa Bio on-line catalog), we used 50 mM K + in PCR in many case. It is reported that the enzyme activity of PstI in buffer containing 50 mM sodium ion (Na + ) is 60% of that in buffer containing 100 mM buffer Na + , but the activity is higher in the presence of potassium ion (K + ) than Na + (TaKaRa Bio on-line catalog). Therefore, we concluded that PstI was able to digest double-stranded total XBP1 and spliced XBP1 mRNA were performed by using specific XBP1 primers (method 1 and method 2) without PstI treatment. (B) RT-PCR analysis of spliced XBP1 (method 1) after PstI treatment was performed as described in Materials and Methods. GAPDH mRNA expression was measured as an internal control under the same PCR conditions as used for XBP1 mRNA (methods 1 and 2). THP-1 cells (1 × 10 6 cells/mL) were exposed to dithiothreitol (DTT) 1 mM, tunicamycin (Tm) 3 µg /mL, or DMSO (solvent control) 2000 µg /mL for 2 h. RNA was extracted, reverse-transcribed, and amplified by PCR with XBP1-and GAPDH-specific primers. PCR products were separated by electrophoresis on a 2.0% agarose gel.
cDNA under the general PCR buffer conditions.
We next investigated whether this method (method 1) could be applied to real-time PCR. We compared the amounts of spliced XBP1 cDNA determined by real-time PCR analysis with those determined by spectrophotometric analysis (Fig. 3) . There was a linear correlation between the results of real-time PCR analysis and spectrophotometric analysis, and contaminating unspliced XBP cDNA seemed to have little influence. The divergence from the theoretical 1:1 correlation may be related to the differences in the measurement techniques.
Furthermore, we evaluated spliced XBP1 expression in THP-1 cells treated with representative ER stress agents, using a real-time PCR system. As shown in Fig. 4 , we quantitatively detected induction of spliced XBP1 mRNA by ER stress agents, as well as expression of BiP mRNA. Shang and Lehrman found no correlation between the XBP1 splicing ratio and the levels of target transcrips such as BiP and EDEM (Shang and Lehrman, 2004) . Here, we re-examined correlation between BiP gene expression and spliced XBP1 gene expression using the method developed in this study. As shown in Fig. 5 , we found a good correlation between the expression levels of spliced XBP1 and BiP gene mRNAs in THP-1 cells treated with ER stress agents (r = 0.72). We think that measurement of these mRNAs using the same platform is one of the reasons for the good correlation found here. In stressed ER cells, spliced XBP1 mRNA generated by the RNase activity of activated IRE1 is translated to a potent transcription factor that binds to ERSE and UPRE. Thus, our result is reasonable, because the promoter region of the BiP gene contains an ERSE region. Measuring the splicing ratio of XBP1 is expected to be a good biomarker for ER stress because of the good correlation with ATF6 (Shang and Lehrman, 2004) . From our data and previous observations, it seems to be important to measure the level of spliced XBP1 mRNA to detect ER stress, as well as the splicing ratio of XBP1 mRNA.
Our method for measuring spliced XBP1 should lead to new insight into the involvement of ER stress in the pathogenesis of neurodegenerative diseases and diabetes. Fig. 3 . Correlation between the amounts of spliced XBP1 cDNA determined by realtime PCR analysis and by spectrophotometric analysis. Spliced and unspliced XBP1 cDNAs cloned into pGEM ® -T Easy vector (Promega Corporation) were used as template DNA. Real-time PCR analysis of spliced XBP1 cDNA was performed by method 1. The amounts of template spliced XBP1 cDNA and unspliced XBP1 cDNA were determined by measuring OD 260 on a NanoDrop spectrophotometer (NanoDrop Technologies). The amounts of unspliced XBP1 cDNA contaminated in spliced XBP1 template cDNA sample were 0 pg ( ), 25 pg ( ) and 50 pg ( ). Each value is the mean of two independent experiments. The dotted line represents the theoretical 1:1 correlation.
Fig. 4.
Real-time PCR analysis of mRNA expression of spliced XBP1 (method 1) and BiP in THP-1 cells treated with ER stress agents. THP-1 cells (1 × 10 6 cells/mL) were exposed to ER stress agents for 2 hr. RNA was extracted, reverse-transcribed, and analyzed with the real-time PCR system after synthesis of double-stranded cDNA followed by PstI treatment as described in Materials and Methods. The increases (fold) of mRNA levels were determined and normalized (Materials and Methods). Each value is the mean ± S.D. of at least three independent experiments. Asterisks indicate a significant (p< 0.05) difference between chemical-treated cells and vehicle-treated cells. cells treated with ER stress agents. The increases (fold) of mRNA levels were determined and normalized as described in Materials and Methods. Each data point represents the result of a single experiment. The correlation coefficient (r value) was 0.72.
